Evidence that nanoscale surface properties stimulate and guide various molecular and biological processes at the implant/tissue interface is fostering a new trend in designing implantable metals. Cutting-edge expertise and techniques drawn from widely separated fields, such as nanotechnology, materials engineering and biology, have been advantageously exploited to nanoengineer surfaces in ways that control and direct these processes in predictable manners. In this review, we present and discuss the state-of-the-art of nanotechnology-based approaches currently adopted to modify the surface of metals used for orthopedic and dental applications, and also briefly consider their use in the cardiovascular field. The effects of nanoengineered surfaces on various in vitro molecular and cellular events are firstly discussed. This review also provides an overview of in vivo and clinical studies with nanostructured metallic implants, and addresses the potential influence of nanotopography on biomechanical events at interfaces. Ultimately, the objective of this work is to give the readership a comprehensive picture of the current advances, future developments and challenges in the application of the infinitesimally small to biomedical surface science. We believe that an integrated understanding of the in vitro and particularly of the in vivo behavior is mandatory for the proper exploitation of nanostructured implantable metals and, indeed, of all biomaterials.
Introduction
Current generations of dental and orthopedic implants are relatively effective but they still need significant improvement, particularly in their capacity to selectively influence and guide cell and tissue events at the implantation site. Their longevity is limited, and their success depends on the patient's overall health. The benefit of better mastication offered by implant-supported prostheses not only improves the quality of life but also has an impact on the overall health of the patient. Dental generally limited to patients with ''good bone quality'', leaving out a large segment of the population that has lost supporting jaw bone with age. In orthopedics, there is an increasing number of cases of total hip replacement to treat advanced degenerative changes (such as those caused by arthritis and osteonecrosis), as well as fractures in patients with osteoporosis. Here, also overall bone status plays a major role in securing both short-and longterm implant stability. The growing frequency of joint replacements, not only in a population that lives longer but also in younger people, has led to an increasing number of patients requiring revision surgery, with the average implant needing replacement approximately every 10 years. 1 The need for revision surgery typically arises from loss of bone supporting the prosthesis (osteolysis). Because of the additional bone loss and restructuring at the surgical site, revisions are more difficult to perform and generally result in less support for the prosthesis and poorer overall outcomes than the original surgery. Most importantly for the patient, they are associated with higher morbidity. In addition, they are extremely costly for health providers and a significant drain on healthcare resources in terms of surgeon time and post-surgery care of patients. Hip replacements are familiar examples, but there are similar needs for improved procedures for knee and spine implants.
Similarly, each year millions of individuals undergo balloon angioplasty to unblock arteries. In the U.S., about 80% of them also receive a self-expanding, metal mesh tube, called a stent, intended to prevent renarrowing of blood vessels after they have been reopened. 2 Balloon angioplasty has been performed since the late 1970's, but coronary stents were only introduced in the early 1990's. Major problems associated with stents are thrombosis and closure of the blood vessel after surgery (restenosis), the latter occurring in up to 30% of patients.
2 A promising (Italy) . His research focuses on the study of basic cell biological processes in normal and pathological calcified tissues and on surface nanoengineering and nanomedicine. development in stent technology is the advent of drug-eluting stents (DESs), whose surface is coated with polymers containing agents that regulate cell division and prevent clot formation. So far, clinical results with DESs are encouraging; however, there are still problems with this technology. For instance, the polymer coating may weakly adhere, cause inflammation and increase the propensity for thrombosis.
3
Different classes of materials (metals, ceramics, polymers and composites) are currently used to manufacture prosthetic implants and biomedical devices. 4 However, metals still represent the gold standard in implantology because of their mechanical properties and biocompatibility, 4, 5 that is the ability of a material to accomplish specific biomedical functions without causing adverse immune and tissue reactions. Stainless steels (such as 316L) as well as Ti and its alloys (such as TiAl and shapememory NiTi alloys) are widely encountered in orthopedics, dentistry and cardiology. [5] [6] [7] In addition, because of their low friction coefficient and high wear resistance, CrCo alloys are also currently used to manufacture components of knee and hip joints. 8, 9 For implantation in the spine, Ta has been exploited to create three-dimensional porous structures that favor bone ingrowth for a more effective osseointegration.
10
Degradable metallic biomaterials, such as Mg and iron-based alloys, are increasingly gaining interest for skeletal and cardiovascular applications (e.g. wires, fixation plates, stents) which do not require the permanent presence of an implanted device.
11
They essentially have the capacity to provide specific functions (e.g. structural support, favoring the healing process) and dissolve afterwards through corrosion, without generating toxic byproducts.
12,13
Progress in nanotechnology now makes it possible to precisely design and modulate at the nanoscale the surface properties of materials used for various applications in medicine, offering new prospects for the patient.
14,15 Nanoengineered surfaces possess the unique capacity of directly affecting the molecular and cellular events that ultimately determine the overall biological response to an implanted material, such as protein adsorption, cell adhesion and proliferation, among others. [16] [17] [18] [19] [20] As a result of this exceptional ability, various nanotechnology-based techniques have been developed to generate nanoscale surface features on existing biocompatible materials (reviewed in ref. 14, 15) .
In this review paper, we bring attention to methods currently used for nanostructuring the surfaces of implantable metals, highlighting in particular those approaches that offer a clinical applicability or that have already resulted in commercial devices in the orthopedic and dental fields. We then provide evidence of the enhanced biological activity achieved with nanotechnologybased surface modifications by presenting an overview of in vitro studies on how cells respond to nanostructured metallic surfaces. In this context, unlocking the precise mechanisms which govern cell-substrate interactions will ultimately permit to endow implantable metals with the exact physicochemical properties needed to elicit a specific biological outcome (e.g. osseointegration, anticoagulation, etc). However, although essential in the progress of biological surface science and in the development of the future generation of implantable materials, in vitro experiments, as it is well recognized in biomedical sciences, only reflect part of the multifactorial and dynamic biological environment of living organisms. This translates into the need to ultimately complete the study and evaluate the performance of a biomaterial in vivo, an aspect that is often forgotten or just briefly discussed in review articles on nanostructured materials. Such oversight must be addressed, and this work is meant to take a step in this direction by illustrating not only the in vitro outcomes, but by also integrating the in vivo biological and biomechanical performances of nanoengineered implants. We ultimately bring attention to some important considerations we believe need to be made to correlate in vitro conditions with the in vivo reality, concluding with our perspectives for the future development of improved metals for biomedical applications.
Approaches for nanoscale surface modification
The surface properties of implantable metals can be modified on a range of scales by different techniques. 22, 23 Various approaches have been used so far to create micron scale topographies on the surface of biocompatible metals. [24] [25] [26] Although the resulting surface features are effective in enhancing in vitro [27] [28] [29] and in vivo [30] [31] [32] [33] biological events, it is now recognized that material-host tissue interactions are principally governed by nanometric surface cues. 14, 16, 17, 34, 35 As a consequence, micron-scale features can only at best have an indirect influence on cellular activity and thereby can inherently only have limited activity and success. Therefore, there is a need for surface features that can have a more direct and rapid outcome. To this end, various strategies have been devised and implemented to nanoengineer surfaces that can directly influence biological functionalities.
14,21 Only some of these methods, however, can at this time be easily exported to a large-scale production for medical implant manufacturing. In this section, we therefore present the approaches that have the potential for industrial exploitation. These techniques, divided into chemical and physical methods, have been selectively chosen according to the following parameters, necessary for large-scale manufacturing: (1) ability to simultaneously reach all surfaces in devices with complex geometries (e.g. femoral stems, dental screws and cardiovascular stents); (2) possibility to modify at the nanoscale commercially available biocompatible metals and implants; and (3) simple integration in the industrial process line.
Chemical methods
Electrochemical modification is one of the most common and flexible ways to modify metallic surfaces on the nanoscale. 36 Anodic oxidation has been successfully used to transform smooth Ti surfaces into nanotubular structures with diameters inferior to 100 nm (Fig. 1) . [37] [38] [39] [40] By adjusting parameters such as the chemistry of the electrolyte, voltage and current density, one can precisely modulate physicochemical properties of surfaces, 41, 42 and the diameter and the spacing between nanotubes. 43, 44 In addition, by adjusting the applied potential, it is also possible to transform the protective amorphous oxide layer into one of its crystalline forms. 45 On Ti surfaces, anodization also permits to create, through a porous alumina mask, pillar-like nanostructures with tunable sizes as well as to deposit an array of 10 mm-long titania nanotubes.
46,47 Nanostructured layers on various metallic surfaces have been similarly created using electrophoretic deposition. 36 For example, nanocrystalline hydroxyapatite (nano-HA) coatings (crystals size in the 15-25 nm range) and multi-walled carbon nanotubes have been deposited on titanium-based metals, resulting in an improved bioactivity.
48,49
A simple chemical patterning approach using combinations of strong acids (or bases) and oxidants has been shown to efficiently generate networks of nanopits (pit diameter ranging from 20 to 100 nm) on Ti, Ti6Al4V and CrCoMo alloys, and Ta (Fig. 2) .
50,51
Surface topography, wettability, micro and nanoroughness, as well as the thickness of the protective oxide layer, can be precisely controlled by adjusting the length of exposure, the temperature and the composition of the etching solutions. [51] [52] [53] In addition, varying the nature of the etching solution makes it possible to incorporate selected elements (e.g. fluorine, which has antibacterial effects 54 and contributes to bone formation 55 ) in nanotopographic surfaces created by oxidative treatment.
50
Anodic oxidation and chemical etching have been combined to create metal/polymer composites with enhanced biological properties. Anodized nanotubular Ti has been coated with NaOH-treated nanoporous poly-lactic-co-glycolic acid (PLGA). The generated nanostructured Ti/PLGA composite stimulated cell activity, but compared to anodized Ti, no significant difference was seen.
56 A one-step chemical method based on a combination of NaOH and hydrothermal treatments has also been applied to Ti to create a wide variety of bioactive nanostructures, such as nanoleaves, nanoneedles, nanorods, nanotubes and multiscale octahedral whiskers (Fig. 3) .
57
The properties of metallic surfaces can also be modified at the nanometric level by sol-gel chemistry and chemical vapor deposition (CVD), among others. 58, 59 Niobium oxide and diamond-like carbon presenting characteristic nanotopographies have been deposited by these techniques on Ti and other substrates, providing additional avenues for improving the bioactivity of implantable metals.
60-63
A different strategy to improve commonly used implantable metals is grafting bioactive molecules by simple adsorption or covalent linkage, usually peptides or proteins, to reproduce the biochemical environment that naturally sustains biological processes in the body (reviewed in ref. [64] [65] [66] . These are usually peptides which regulate cellular adhesion (e.g. Arginine-GlycineAspartate (RGD)-containing peptides) or extracellular matrix (ECM) proteins (e.g. collagen type I, fibronectin (FN), vitronectin, bone sialoprotein (BSP)) that coordinate the mineralization process. [67] [68] [69] [70] Growth factors such as bone morphogenic proteins (BMPs) and transforming growth factor beta (TGFb) participate in the recruitment and final osteogenic differentiation of undifferentiated mesenchymal cells. 66, [71] [72] [73] In addition, pectic polysaccharides, a group of molecules normally present in plants, have demonstrated the capacity to activate cell proliferation. 74 Chitosan, a molecule generally extracted from crustaceans, has also been used to coat titanium and other metals. 75, 76 Coatings with such molecules thus represent additional strategies for improving the biocompatibility of medical devices. The same complexing approach can be exploited to graft antibacterial agents (e.g. lysozyme and/or poly(ethylene glycol) 77 and antibiotics, [78] [79] [80] [81] [82] as well as more complex structures such as selfassembled organic helical rosette nanotubes.
83,84
Most works so far have dealt with the simple adsorption of molecules. However, silanes and phosphonates have shown to be very effective spacers to covalently link bioactive proteins and peptides to Ti surfaces. 79, [85] [86] [87] Noteworthy, silanes and phosphonates have the additional capacity to directly affect cellular functions.
88,89
Molecular coatings have not been developed solely to favor and enhance cellular functions. In fact, in addition to antibacterial surfaces, there are other applications where the capacity to prevent adhesion is strongly required. For example, in angioplasty, the adhesion of platelets and uncontrolled cell growth onto the inner surface of cardiovascular stents may potentially result in the obstruction of the vessel. For this reason, biochemical surface coatings composed of non-fouling 90,91 and anticoagulant 92 agents have been created to suppress interactions between the metallic surface and the surrounding biological environment. Interestingly, a common protein such as bovine serum albumin (BSA) can be used to control the subsequent adsorption cascade by exploiting its capacity to efficiently block non-specific interactions. 93 In the case of cardiovascular stents, biochemical functionalization has been applied to deposit plasmid DNA and self-assembled monolayers (SAMs) that provide drug-eluting capacities. 94, 95 Finally, electrodeposition of nanoparticles and their slow-release has recently been reported as an alternative for targeting cardiovascular malfunctions. 96 
Physical methods
A variety of physical methods has been used to generate bioactive nanotopographies on metal surfaces. These include plasma 97 and physical vapor deposition (PVD). 98, 99 In addition, selfassembled nanonodules and nanorough Ta layers with wellcontrolled nanoroughness have been deposited on Ti by e-beam PVD technology.
99,100
A particular category of physical methods includes technologies which provoke atomic rearrangements, such as ion implantation and thermal oxidation. Approaches based on ion implantation (reviewed in ref. 
102,103
This technique allows the fine control of the concentration and depth distribution of the implanted elements. However, the potential creation of superficial stresses (removable with a postannealing) 101 and/or modification of preexisting surface nanometric features 21 must be carefully considered when using this highly energetic process. Annealing and/or thermal oxidation have been explored on Ti-based metals to enhance their bioactivity by changing the crystalline structure of the nanometric native oxide layer. Previous studies have in fact compared the different crystalline forms of TiO 2 , and assessed that rutile enhances cellular response.
104,105 However, the anatase crystalline phase with a superimposed nanometric topography, generated by direct current (DC) reactive magnetron sputtering, yielded better biological results than amorphous TiO 2 and rutile. 45 3. In vitro protein and cellular studies
Biological surface science
The scientific rationale behind the application of nanotechnology to biomedical surface science correlates with the capacity of cells to sense and recognize specially designed substrate features. Living cells are composed of various structural and molecular elements, synergistically interconnected in a hierarchical system capable of relating events occurring at different levels (i.e. from the molecular to the micrometric scale) and reacting accordingly.
In fact, initial cell-substrate interactions take place at the molecular level, but their effects propagate efficiently throughout the entire structure of the cell, ultimately generating a concerted multiscale cellular response. 106 For this reason, the capacity of initiating and controlling cellular reactions at the nanometric level through nanoscale physicochemical cueing translates into the ability to affect and direct the global behavior of the cell.
When a surface is in contact with the biological environment, the first event which takes place prior to protein adsorption and cell colonization is water adsorption (time scale of order of nanoseconds). 107 The properties of the surface water shell dictate the following events, i.e. the adsorption of plasma and ECM proteins, determining their orientation, coverage and potential denaturation. [107] [108] [109] Ultimately, the resulting protein adlayer will act as a framework on which cells can adhere, spread, migrate and proliferate. However, it is still not clear whether the observed cellular effects are solely mediated by the protein adlayer or whether the physical surface can also provide cues.
In vitro protein-substrate interactions
In vitro studies have revealed that the adsorbed protein layer is sensitive to specific physicochemical properties of the implant surface. Nanometric features are more effective in dictating protein adsorption and ultimately determining the biochemical characteristics of the adlayer. 110 It is believed that only topographical features with dimensions similar to those of surfacebound proteins ($10 nm) can significantly affect their morphology and activity.
110 Surface structuring at the nanoscale may result in changes in surface area/energy, distribution of functional groups, hydrophilicity and oxide composition/thickness, which have been shown to be critical factors to control protein adsorption. [111] [112] [113] [114] In particular, surface topography is also known to affect protein orientation and denaturation, which play a fundamental role in determining the outcome of the subsequent cell colonization. [115] [116] [117] There have been several studies to determine how proteins respond to nanometric features of diverse sizes and morphologies. 115, [118] [119] [120] [121] [122] These have concluded that the adsorption of proteins such as fibrinogen, albumin, and FN is generally enhanced by nanorough surfaces, although the effect is not always significant. 123 In the case of FN, the vertical dimension of nanometric surface features seems to be critical in determining its adsorption profile. This protein is differentially responsive to the depth of nanometric cavities and to the height of spherical ordered nanostructures, ultimately determining the size of the focal adhesions (FAs) (see section 3.3.3).
124,125
3.3 In vitro cell-substrate interactions 3.3.1 Considerations about cells used for in vitro studies. Various in vitro cell models have been used to better understand the effects that nanostructured surfaces exert on cellular reactions. The choice of a specific cell type reflects the biological property under investigation and ultimately, the application envisaged for a material. For instance, osteoblasts (i.e. boneforming cells) are used to evaluate the capacity of materials to promote bone formation for orthopedic and dental implants. Fibroblasts (i.e. soft connective tissue-forming cells) have been used to evaluate the ability to promote or limit the growth of fibrous tissues. Endothelial (i.e. vascular lining cells) and smooth muscle cells allow to assess cardiovascular repair potential. Stem cells (i.e. pluripotent undifferentiated cells
126
) are generally used to determine whether a given nanotopography can induce differentiation along selected pathways.
Cells used for in vitro experiments generally derive from transformed cell lines. Although these cells in large part reflect the activity of the cell type from which they derive, they may not necessarily yield similar bioactivity outcomes. On the other hand, primary cultures with cells isolated from tissues are more difficult to grow, generally loose phenotypic specificity as they are passaged, and exhibit greater biological and differentiation variability. The latter, however, reflects more closely the in vivo healing situation where cells at various stages of differentiation are found.
3.3.2 Cellular response to nanostructured metals. The shortterm (i.e. cell adhesion and proliferation) and long-term (i.e. bone matrix secretion and mineralization) functions of osteoblasts can be stimulated by anodized titanium surfaces. 40, 62, 127 Such surfaces also sustained the in vitro growth and osteogenic differentiation of human skeletal mesenchymal stem cells (hMSC), 47, 128 as well as induced cytoskeletal reorganization and increased the frequency and size of FAs (Fig. 4) . 47 Interestingly, the capacity of anodization to precisely control the nanotopographical features has permitted to correlate cell function with diameter and spacing of nanotubular structures. 44, 129 In particular, nanotubes with 15 nm diameter significantly enhance the adhesion, spreading and differentiation of mesenchymal stem cells as compared to nanotubes with 70-100 nm. 44, 130 In addition, a spacing of 15 nm provided an effective length scale for accelerated integrin clustering and FAs formation (see section 3.3.3).
44
Other cell types such as chondrocytes (cartilage-forming cells) and keratinocytes (epidermal cells) were shown to better respond to anodized surfaces. 131, 132 On the other hand, bacterial growth is significantly limited on nanorough Ti surfaces. 133 These results suggest that anodization can be an effective tool for cartilage applications and can be exploited to improve current boneanchored transcutaneous implants, as well as to endow implantable metals with antibacterial properties.
Oxidative nanopatterning confers Ti-based metals the exciting capacity to selectively influence cellular behavior by favoring the growth of osteoblastic cells while limiting that of fibroblastic ones. 21, 52 Very interestingly, adhesion of the two cell types after 1 and 4 h of treatment was similar on smooth and nanoporous surfaces, suggesting that the effects of the nanotexture do not significantly relate to cell adhesion but rather to cell growth and differentiation. Selective cell growth and differentiation also takes place on carbon nanofiber compacts (surface roughness of about 0.2 nm as determined by SEM stereoimaging), which have been demonstrated to enhance the osteoblastic activity and limit that of smooth muscle cells, fibroblasts and chondrocytes. 134 The physicochemical cueing resulting from oxidative nanopatterning also impacts on gene and protein expression, leading to enhanced osteogenic cell adhesion, spreading and proliferation. [50] [51] [52] 135, 136 The generated nanoporous surface induces an early upregulation of BSP and osteopontin (OPN) expression and promotes extracellular FN assembly. 50, 135, 136 Early enhanced secretion of proteins with cell adhesion capacity and their assembly onto the surface with which cells interact will affect cell dynamics at an early crucial stage when key parameters of tissue healing are decided. [137] [138] [139] [140] In addition, osteogenic cells grown on nanostructured Ti surfaces created by either H 2 SO 4 /H 2 O 2 or NH 4 OH/ H 2 O 2 etching exhibit a significant upregulation of genes associated with cell adhesion and migration, 50 such as integrin alpha-5 and hyaluronan, as well as an enhanced extracellular FN assembly (Fig. 5) . 50, 136 Similarly to anodization, oxidative nanopatterning can harness the power of stem cells by promoting their growth. 50 Importantly, a differential gene expression profile has been detected for hMSCs and osteogenic cells grown on nanopatterned Ti surfaces. 50, 141 Also, expression of key bone markers was upregulated, including that of alkaline phosphatase and Runx2. 141 These results indicate that anodization and oxidative nanopatterning are likely to have a key impact on regenerative medicine, as a strategy to achieve predictable tissue healing around the implant. Nanostructured bioactive coatings generated by sol-gel and chemical vapor deposition enhance osteoblastic cell adhesion and proliferation. 61, 63, 142 Surfaces modified by covalently bonded bioeffector molecules have the capacity to positively influence in vitro osteogenic functions, mainly cell attachment, adhesion, proliferation and gene expression. 64, [143] [144] [145] [146] [147] Concomitant with these chemical methods, physical approaches confer an enhanced biocompatibility to implantable materials by creating on their surfaces coatings presenting nanoscale features. For example, PVD was applied to create different nanotopographical coatings on titanium surfaces for in vitro studies aimed at evaluating the effects of surface chemistry and topography on the cellular and/or tissue response.
98,148
The results of in vitro studies are summarized in Table 1. 3.3.3 Potential mechanisms for cell adhesion and proliferation at the nanoscale. Cells adhere to and interact with their extracellular environment through FAs (Fig. 6 ). These are dynamic clusters -15-30 nm in dimension 149 -of transmembrane proteins called integrins that anchor cells and transmit mechanical and regulatory signals. 150 Integrins interact intracellularly with cytoskeletal elements and extracellularly with matrix proteins containing an RGD motif. The number of attached cells correlates with the average RGD surface density, and higher RGD surface densities lead to an increase in FA formation.
151
Threshold dimensions of nanostructures relating to the assembly of FAs have been established (reviewed in ref. 152 ). The observed cellular effects on nanostructured substrates may in part relate to the propensity of the cell membrane to 'stretch towards points of stability' and in so doing trigger nanoscale cytoskeletal reorganization. The total sum of these nanoscale deformations at various points along the cell membrane will trigger typical signaling pathways that regulate cell behavior. The mechanisms by which integrins signal into the cell interior are complex and involve several different pathways, such as the cytoplasmic protein tyrosine kinase, called focal adhesion kinase (FAK).
150 Nanoscale pits upregulate FAK signaling in osteoblastic cells.
152 Similarly, nanoporous surfaces are believed to significantly affect the activation of GTPase Rho at FAs, 152, 153 an enzyme known to play a part in the maturation of the adhesive complex by promoting recruitment of actin filaments and integrins to the contact site.
150,154
During interaction with bi-dimensional substrates the cell changes its shape and dynamically develops extensions called lamellipodia (membrane veils rich in actin) and filopodia (fingerlike protrusions) that act as sensing and traction elements to allow cells to crawl and perceive topographical cues.
151,153
Nanotopography promotes the formation of these membrane specializations (Fig. 7) . Changes in cell shape are as influential as signaling molecules in the differentiation process.
155-159 Indeed, it has been shown that cell shape regulates the switch in commitment of stem cells towards an osteoblastic phenotype by modulating endogenous RhoA activity. Significant efforts have been made so far to integrate surface modification approaches with implant manufacturing in order to ensure superior clinical performance of current prostheses.
161-163
In this context, while the mechanical performance of a device is mainly defined by its macroscopic shape, tissue integration and long-term stability result from the interactions between the implant surface and the surrounding biological environment at the cellular and molecular level. [164] [165] [166] [167] Based on the in vitro results, nanostructured metals undoubtedly have the potential to yield a faster and more stable integration of biomedical implants. 34, 56 To validate this hypothesis, several nanoscale surface modification approaches are currently under investigation to determine their effects in vivo and their potential applicability to commercial implants. 34, [168] [169] [170] Here, we present an overview of methods that have been successfully adapted to nanomodify metallic implants and the resulting animal and clinical outcomes. The results of the in vivo studies are summarized in Table 2 .
A recent study has exploited controlled anodization to endow the surface of Ti implants with self-organized and highly ordered TiO 2 nanotubes (30 nm diameter). Implanted in the frontal skull of pigs, these nanotubular surfaces stimulated collagen type-I expression by osteoblasts. 168 However, no significant difference in the amount of peri-implant bone formation was observed, suggesting that these nanotubular surfaces ultimately have no impact on osseointegration. These results differ from previous in vitro 40 and in vivo 171 studies with similarly treated surfaces but different nanotube diameters (i.e. 70-80 nm and 250-800 nm diameter nanotubes, respectively). The authors concluded that anodized Ti does not have an impact on the total collagen content but enhances peri-implant bone formation.
40,171 Such differences may result from various factors related to the material properties, such as the different surface topography (i.e. nanotube diameter), degree of crystallinity of the TiO 2 overlayer, or to other factors unique to in vivo studies, such as surgical considerations (see discussion). Consistent with the results previously described (see section 2.1), anodic oxidation also allows deposition of nano-HA coatings (Fig. 8) . 172 Histomorphometric evaluation showed that nano-HA modified implants have significantly greater bone-toimplant contact (BIC) values compared to acid-treated implants. The enhancement of BIC by HA nanocrystals was confirmed in a different study in which it was also shown that early bone formation depends on the size and diameter of the nanosized HA crystals. 173 The same research group exploited a sol-gel technique to deposit nanotopographic TiO 2 coatings that also enhanced BIC.
174
Micro-arc oxidation (MAO) has been used to dope the implant surface with Mg. 175, 176 Although this technique does not result in topographical modifications at the nanoscale, the presence of Mg ions yielded a more rapid and stronger bone-integration, as well as higher removal torques than commercial microrough highly crystalline and phosphate-enriched Ti implants.
177,178
Oxidative nanopatterning with H 2 SO 4 /H 2 O 2 creates nanotopography on bulk metals, 50 such as Ti screw-shaped implants (Fig. 9) . Oxidative treatment of commercial screw-shaped Ti implants placed in dog mandibles resulted in enhanced BIC values and osteogenesis and this even though no nanotexture was obtained. 179 The authors suggested that the implant handling (e.g. passivation) during manufacture may have generated chemical conditions that affected the dynamics of the deoxidation/reoxidation processes. This study, however, shows that existing commercial implants can be significantly improved using 180 These implants stimulated osteoblastic gene expression, as well as enhanced bone formation, osseointegration and bone-implant fixation.
181-183 While some inflammatory response was reported, 184 the overall success rate was satisfactory, with the majority of implants yielding good osseointegration and stability after one year post-surgery. Noteworthy, high success rate was also reported under more challenging clinical conditions such as early loading.
185
Dual-acid-etching (DAE) followed by discrete-crystallinedeposition (DCD) has been used to create calcium phosphate (CaP) nanocrystals (20-100 nm in size) coated Ti implants.
186
These implants were clinically evaluated in a randomized controlled trial, which concluded that BIC in the posterior maxilla increased by about 12%. 187 In addition, bone formation around CaP nanocrystals-coated implants was enhanced. 188 The observed capacity to accelerate bone formation is expected to result in a faster healing response which ultimately may permit earlier loadings. In contrast, a recent study in dogs comparing bone formation around DAE and CaP nanocrystals-coated implants showed that there was no statistical difference in BIC in the early healing phase (1-4 weeks) . 189 However, test sites containing implants coated with nanoparticles exhibited less bone resorption.
Another commercial implant, which was however discontinued, was produced by ion-beam-assisted-deposition (IBAD) of thin (20-500 nm) bioactive Ca-and P-based ceramic layers. 190 With a 300-500 nm thick coating, the BIC value was not significantly affected, but the implants presented higher torque-to-interface fracture levels compared to controls, indicating an improved fixation. 191 However, the biomechanical properties degraded when the bioactive layer thickness was reduced to 20-50 nm and there was no improvement of BIC values and bone fixation at early implantation times (2 and 4 weeks). 190 This outcome was partially attributed to the reduced thickness and to the amorphous microstructure of the deposited material, which may have caused its rapid dissolution.
Nanostructured surfaces presenting uncharacterized features of approximately 100 nm have been obtained on microrough Ti implants by hydrothermal alkaline treatment. 192 This method also caused incorporation of calcium as CaTiO 3 in the protective surface oxide layer. Titanium and Ti6Al4V implants with treated surfaces significantly increased BIC and removal torque forces in rabbit tibiae. 171, 193, 194 In addition, this treatment improved bone formation around implants placed in trabecular bone.
192
Bioceramic grit-blasting and acid etching (BGB/AE) technologies have been integrated to produce submicrometric topographies on Ti implants. 195 Histological evaluation after 2 months post-surgery showed significantly higher BIC and osteocyte density around modified implants when compared to DAE implants. 
Antibacterial and cardiovascular implants
Infection at the implantation site represents an important clinical complication. In the U.S., approximately 4.3% of the orthopedic implants developed bacterial infection. 197 In the case of cardiovascular devices, the annual infection rate is even higher (7.4%). 197 Coatings deposited by chemical (e.g. wet-chemistry approaches) and physical (e.g. PVD) processes (reviewed in ref. 198) have been successfully applied to control bacterial colonization of implanted prostheses. For example, biodegradable gentamicin-loaded poly(d,l-lactide) coatings prevented implantrelated osteomyelitis (i.e. infection of bone) around Ti wires.
199
Degradable Mg-and iron-based alloys are also now being considered in cases when the implant is only temporarily needed, such as for stents.
12,13
While Ti-based metals are the most common material for dental and orthopedic applications, their use in cardiology is still limited. 200 Stainless steels, NiTi and Co-Cr alloys, as well as Ta, are in fact more often encountered in cardiovascular applications. 200 Stents capable of slowly releasing drugs (i.e. immunosuppressant, chemotherapeutic, etc), for example to block cell proliferation or prevent the formation of scar tissue at the site of coronary intervention, are already approved and commercially available (DESs). 201 However, the polymeric coating used in DESs may be cause short-term inflammation as well as long-term thrombotic events. 202 Nanostructuring may represent an alternative to polymer-based DESs. In this context, nanoporous surfaces generated on coronary stents by various techniques yielded promising results in terms of drug-eluting capacities (reviewed in ref. 202) (Fig. 10) . For example, a nanostructured stent was developed by coating a 316L stainless steel with electrochemically generated nanoporous Al 2 O 3 .
203 However, the clinical performance of this system was not satisfactory. 204 In addition, nanoporous metallic coatings were created through sputtering techniques, which allow deposition of a variety of materials, including Co-Cr, NiTi, Pt, and stainless steel.
202
Oxidative nanopatterning has also been efficiently applied to sputtered Ti to create a network of nanopores.
122 Therefore, deposition of thin films of Ti on substrates that are not readily amenable to chemical oxidation could be advantageously exploited to create nanotextures offering antibacterial and antiadhesive properties, 50 thus providing a valuable strategy to improve the integration of stents made of different metals.
Micromotion and nanotopography
The primary stability of an implant results from the biomechanical interlocking of the implant and the surrounding bone. In addition to implant-related factors (material, design, topography and surface chemistry), surgical procedure and patient variable (bone quantity and quality, health condition), 205 the local mechanical environment has been recognized as a critical factor for bone repair and regeneration around an implant. 206 However, the exact biomechanical parameters involved in the initial healing process at the tissue-implant interface remain elusive. Several studies have demonstrated that micromotion during implant loading, can arise from various factors including: (1) the physical properties of the bone tissue (e.g. elastic moduli of adjacent bone and strength of attachment between implant and tissue), (2) the mechanical interaction between the implant and tissue, (3) the initial fit of the implant in the site, (4) the geometry of the implant, [207] [208] [209] and of course (5) the characteristics of the loading. 206, 208 Depending on the magnitude and direction of resulting micromotion at the interface, tissue differentiation around immediately loaded implants can respond differently; excessive micromotion may be a compromising factor that leads to interfacial fibrous tissue formation and prevention of osseointegration, while at the lower range of micromotion, there is evidence that there may be positive effects on bone repair and regeneration. [210] [211] [212] [213] [214] [215] Overall, the exact dynamics of the interfacial events that lead to osseointegration when healing occurs under loading and the limits of relative motion as well as the specific aspects of micromotion that actually cause problems at the bone-implant interface still have to be established.
Implant micromotion per se may not be the decisive factor in interfacial healing; instead, there is now evidence that the motion-associated interfacial principal strain magnitude -along with its spatial distribution, duty cycle, waveform, etc. -is the factor that most influences osseointegration. 216, 217 This is a significant finding because of the current debates surrounding 'immediate' vs. 'delayed' loading of implants. 218 Recall that implant loading inevitably creates strain fields at the interface, whether the loading starts immediately after implantation, or later, after the bone has had a chance to heal to some degree. Therefore, as one contemplates strategies for the design and use of dental and orthopedic implants, it is not the timing of loading that is the primary issue, but rather the propensity of the implant to undergo micromotion and thereby creating local interfacial strain. Although previous studies have tried to derive a single value of limiting strain and stress levels beyond which bone regeneration is compromised, 206,219 it may not be possible to define such a value. It is well to remember that continuum-based models of mechanotransduction will always have limitations when it comes to unraveling detailed molecular-level mechanisms at the cell level, as elegantly discussed by Humphrey.
220 However, based on ongoing studies on a mouse tibial model, it has been estimated that $30% principal strain (tensile or compressive) represented an upper limit to allowable principal strain magnitude during interfacial bone healing. 217, 221 There are also orthopedic studies from the fracture healing and dynamization literature that also support this view, although again, exact thresholds remain elusive. [222] [223] [224] Since an appreciable number of implant losses have been considered to possibly be the result of excessive strains and stresses at the bone-implant interface, a better knowledge of the interfacial stress-strain conditions that are tolerable as opposed to deleterious interfacial stress-strain conditions is essential, and would lead to understanding the mechanically-controlled tissue differentiation process, that is the ''mechanobiology'' at the interface.
One question that has received relatively less attention is whether surface characteristics have an impact on the interfacial mechanobiology. This aspect should be considered at multiscale levels, including the macro, micro and even the nano levels. Macro-and micron-scale surface modifications have been exploited for some years now to create biomechanical environments that can significantly modulate tissue healing around bone implants. For example, there is a long history of exploiting ''optimal'' porous implant designs for bone ingrowth as well as attempts to understand the role of surface roughness at the micron scale in terms of implant accommodation in bone. 225 The more recent recognition that interactions between biomaterials and host tissues also take place on the nanoscale has focused attention of both researchers and industry on a new generation of implantable metals with nanoengineered surfaces. This has in part been driven by intriguing work suggesting that an implant's surface texture or roughness may alter cell shape and cytoskeleton, which in turn may influence gene expression.
226-229
As a consequence, there is a growing body of literature exploring the role of nano-level mechanics on cell-substrate interactions as well as cell-cell interactions. For example, recent reviews indicate that substrate elasticity as well as mechanical deformations (strain) of cells play a role in determining stem cell fate decisions. 106, 230 This latter perspective naturally leads to the idea that the nano-level mechanical properties of an implanted biomaterial could be influential in determining cell fate decisions adjacent to a biomaterial. As stated by Discher et al. ''. not only physical contributions to differentiation'' but also that ''carefully made materials can help prime the expansion of specific progenitors.'' 230 Finally, this last perspective also leads to the notion that finite element analyses and similar mechanical modeling methods could help take account of the truly multiscale character of the biomechanics problem at bone-implant interfaces; such models could be helpful to fully scope out the possible interplay of cell deformations in relation to implant surface topography.
106
Given the body of work indicating that physical factors at the tissue and cell levels, including roughness, mechanical properties, as well as related stresses and strains, are ultimately transferred to single cells in some manner, local strain fields at the macroscale may then affect cellular events at the micron-and nano-(molecular) scale. 231 Yet from both mechanistic and implant-design viewpoints, there is little to bridge the gap between implant design at macro-and micron-levels vs. biological mechanisms at the nanoscale. Hence it can be hypothesized that local deformation in healing tissue (e.g. by micromotion) generates changes in the biomechanical relationships between tissue and implant at multiple size scales (macro, micro and nano) and therefore influences local cellular (e.g., cell morphology) and molecular (e.g. gene expression) events. Surface features on the implant may also participate in creating strain fields that regulate cell fate decisions at the bone-implant interface. A series of nanoscale cell distortions might cumulatively create sufficient strain to trigger changes in cytoskeletal organization and activation of different signaling pathways in diverse cell types. 232 Since nanoscale topography and chemistry have been demonstrated in vitro to influence the mechanical properties of cells, 233, 234 it seems likely that this could be advantageously exploited in vivo to allow the design of an implant that might counterbalance negative effects of 'excessive' micromotion. For example, nanoscale cell distortions induced by micromotion could be exploited to selectively trigger cell fate decisions (e.g. osteogenic vs. fibroblastic pathway)
232 thereby minimizing fibrous tissue formation and promoting bone formation around loaded implants.
Considerations on the biocompatibility and cytotoxicity of implantable metals
The cytotoxicity of implanted metals is a major concern in the biomedical field and still object of debate. 235 Ions and/or debris released from an implanted material can in fact provoke adverse immune and inflammatory reactions that can ultimately defeat the purpose of the biomedical device. It is commonly accepted that Ti and its alloys are biocompatible. However, some Ti alloys show a certain degree of cytotoxicity due to the alloying elements. 236 For example, Al and V were associated with neurological disorders. 237 In addition, high levels of Cr, Ni and Co raise the risk of carcinogenicity. 236 While these effects are known, it is important to point out that the links between a precise concentration of metallic ions and adverse phenomena such as DNA damage, DNA mutation, carcinogenicity and metal sensitivity have not yet been clearly established, 235 and further studies are thus required.
Outlook and perspectives
In this paper, we have presented an overview of current nanotechnology-based strategies (chemical, biochemical and physical) which have been used to improve the in vitro biological response to implantable metals, and in some cases have also shown enhanced in vivo experimental outcomes and found commercial applications. In general, while it can be concluded that nanoscale surface modification introduces novel bioactive capacity into the arena of metallic biomaterials, many of the modification approaches described in this review still remain to be tested in vivo and few have actually been exported to the medical device industry. There are in fact comparatively very few structured animal and clinical studies that investigated the short and especially long-term effects of such surfaces, evaluating whether the enhanced biological activities demonstrated in vitro actually translate to the complex in vivo environment. However, even though it is well known in biology that in vitro conditions do not fully reflect the in vivo reality, such studies are nonetheless essential to screen potentially successful treatments for subsequent animal validation.
From the material point of view, it should be noted that most in vitro studies aimed at probing in detail how cells respond to a given nanostructured substrate have been carried out on nonmetallic materials, generally characterized by nanoscale protrusions created by techniques such as colloidal and electron beam lithography, and polymer phase separation. 152 There are comparatively few studies that have investigated pits which fit the commonly-accepted nanometric definition (i.e. with dimension smaller than 100 nm), 125,238 on implantable metals. While studies carried out with laboratory materials are undoubtedly important to understand the dynamics involved in cell adhesion to substrates, the resulting cell behaviors may ultimately differ from those on medically relevant metals which exhibit different surface physicochemical parameters. It should be noted that anodic oxidation and chemical nanopatterning have been successfully applied to create networks of nanometric pits on implantable metals to probe cell adhesion. 47, 50, 135, 239 Since in most cases cell cultures on nanopatterned materials and, as a matter of fact even on microstructured surfaces, are carried out in the presence of proteins, one important question that remains to be addressed is whether there is a direct contribution by surface modification. It is now well established that proteins rapidly form an adsorbed layer on biomaterial surfaces. [107] [108] [109] It is therefore not clear whether the resulting in vitro effects are due to direct signaling by the nanometric surfaces cues, to the protein adlayer or the synergistic combination of these two factors. It can, in any case, ultimately be argued that the cellular outcomes result from the nanometric surface features since these significantly affect protein morphology and activity. 107, [118] [119] [120] [121] Irrespectively, there is another important consideration that needs to be made when translating in vivo protein adsorption profiles to the body. The identity of the first proteins to adsorb onto the surface and subsequent proteinprotein interactions may not be precisely predicted due to the complexity, variability and dynamism of the biological environment. In multi-component solutions such as bodily fluids, competitive adsorption and protein displacement concur in determining the final adsorption profile. 240, 241 For instance, with time some proteins will likely be displaced from the surface. Therefore, one would expect that overall a multi-component mixture will interact in a semi-stochastic manner with the substrate, inducing a certain degree of variability in the overall adsorption profile. In addition, in the body at sites where there is bleeding, a fibrinogen coagulate will form rapidly and may partially or completely mask the surface thereby complicating further the formation of an adlayer on an implant. 242 One must be therefore extremely careful in extrapolating data obtained in vitro to the reality of the biological environment where the behavior of a protein will not only depend on its physicochemical properties and those of the biomaterial surface, but will also reflect modulation of their behavior by the various tissue and body fluid components it is exposed to. 243 Predictable adsorption may ultimately require more selective approaches such as nanopatterning of surfaces with molecular arrays that will determine interactions of the substrate with selected proteins.
There are additional variables determining the final outcome of an implant, such as the implantation site and the overall health condition of the patient. Longitudinal and descriptive human studies, as well as histological data, have indicated that early osseointegration and clinical success rates for endosseous implants vary according to the anatomic location. 244 A high success rate has been reported for implants placed in regions with dense bone such as the mandible, 245, 246 whereas placement in the maxilla can yield insufficient osseointegration, partially related to poorer bone quality at this site.
247 Difficulty in achieving shortand long-term integration and stability of dental implants has also been observed in selected patient populations, such as smokers and diabetics. 248, 249 Due to the complexity of the clinical scenario, new nanotextured implants may not necessarily yield the expected outcome when used clinically and longer evaluation periods may be required. 250 As stated by Albrektsson, ''novel implant systems or moderate/major changes of existing implants need to be clinically tested preferably before clinical introduction, not afterwards''. 251 While clearly caution is needed, the animal and clinical studies carried out so far suggest that nanoscale surface modification of metallic implants has a promising clinical future.
A particular problem is that implant studies seldom provide a detailed characterization of surfaces at the nanoscale. 252 As stated by Wennerberg, ''measurements and evaluation techniques need to be standardized''. 253 For example, roughness measurements as well as protocols to determine surface wettability should be more uniform in order to provide the consistent data that is required for reliable comparison of different implants. 254 In this context, contact angle measurements have been extensively used to determine the wettability and free energy of nanostructured substrates 53, 255 and characterize biomedical implants, since these parameters affect the interactions between a material and the surrounding biological environment.
256-259
Experimental conditions (e.g. drop size and symmetry, vibration of the substrate), as well as the physicochemical properties of the substrate (e.g. surface roughness, porosity, chemical homogeneity and presence of adsorbates) and the presence of surface nanostructures, are all factors that influence the overall wettability of a material, and should therefore be carefully taken into consideration during data analysis. [258] [259] [260] In addition, some prosthetic devices commercially-advertised as nanostructured are characterized by inhomogeneous nanofeatures which lack statistical distribution and/or precise reproducibility. In this context, even smooth implant surfaces could be considered nanostructured since they could actually exhibit a nanoscale roughness or some kind of nanometric features. These are, most of the times, the direct consequence of the fact that materials are not naturally atomically flat and characterized by defects. Therefore, the need for a distinction between engineered nanostructures and the native topography of materials at the nanoscale, is legitimate. All these factors may introduce additional variables which, in addition to biological variability, may ultimately confound assessment of the precise role of nanometric surfaces in controlling biological events in living systems. It will be therefore important to optimize current and future nanotechnology approaches to generate surfaces with controlled and uniform surface nanofeatures in order to achieve a better understanding of material/host tissue interactions.
While the majority of studies with nanostructured metals has focused on dental and orthopedic implants, the benefits of nanoscale surface modifications for cardiovascular applications have just started to be assessed. 130, 261, 262 A problem associated with current DESs is the potential cracking/detachment of the polymeric coating during balloon expansion. 263 In addition, delayed healing and hypersensitivity reaction to DES polymeric components have been reported. 264 Direct nanoscale modification of surfaces without deposition of polymeric overlayers could represent an effective strategy to limit adverse reactions to metallic stents. As an example, porous surfaces capable of selectively influencing cell growth (e.g. chemically-generated nanoporous surfaces 50 ) could improve the performance of existing stents by hampering undesired cell adhesion and proliferation, and also improve tissue healing by synergistic drug release (see below).
Nanostructured materials are also used as biologically active molecule-delivering systems. 265 Compared to surfaces with nanoprotrusions, nanoporous surfaces are very attractive because they 1) offer an increased surface area which translates into a greater surface reactivity, and 2) provide nanoconfined volumes which are expected to modulate dissolution rates. The fact that higher area-to-volume ratios translate into a higher amount of surface reactive sites is well known in physical chemistry and biology, since it determines, for instance, catalytic reaction rates and extracellular substance exchange, among others. On the other hand, nanoconfined volumes influence physicochemical events such as fluid mobility. 266 Taken together, these factors indicate that nanoporous surfaces have the potential for enhanced loading ability and the capacity to provide controlled dissolution rates over time.
The greater surface area provided by nanopores can be synergistically exploited to link more efficiently bioactive molecules to metals, with or without the use of intermediate linking agents such as silanes and phosphonates. 267 To this end, it will be interesting to compare the outcome of smooth and nanostructured surfaces with covalently-linked synthetic peptides known to promote cell adhesion and osteoblastic differentiation such as (1) the noncollagen-derived RGD, 268 and (2) the collagen-derived P-15, 269 DGEA (Aspartate-Glycine-GlutamateAlanine) 270 and GFOGER (Glycine-Phenylalanine-Hydroxyproline-Glycine-Glutamate-Arginine) 271 collagen-related cell binding peptides. However, the best linking agents for bioeffector molecules are likely to be more complex molecules, capable of forming multiple stable covalent links (e.g. multidentate molecules) onto metallic surfaces while creating lateral self-assembly. This is also expected to result in the capacity of generating various molecular patterns, with tunable properties (e.g. patterned geometry, nature and orientation of active groups), even on surfaces which are not flat at the atomic scale (such as those of commercially-available implantable metals). In this way, it will be possible to extend the panoply of tailored nanostructures by designing organic patterns otherwise noneasily achievable by direct physicochemical methods. In addition, we can envisage molecular arrays capable of responding to specific variations of the surrounding biological environment, such as local changes in the pH or temperature at the materialhost tissue interface, paving the way for novel biomaterials.
We believe that future generations of implants should aim at ''intelligent'' surfaces, capable not only of providing cues to the surrounding tissues but also of receiving and responding to events occurring in them. Here, we anticipate that synergistic approaches will be critical to achieve the challenging goal of endowing implantable materials with the capacity to ''dialogue'' with the surrounding environment. For example, nanoporous surfaces could be further functionalized with molecular arrays or multilayered coatings that would in a first step provide signaling to cells and that could in-time respond to local changes in the environment, exposing underlying nanopatterns capable of physical cueing or drug release. It may be conceived that molecular reorganization could also be initiated by external stimuli, such as infrared light, ultrasounds and magnetic fields, for instance. Similarly, functionalized nanoparticles could be embedded in molecular arrays sensitive to local chemical variations.
There is also limited information on whether the release of toxic metallic ions can be reduced by nanoengineered surfaces. For example, chemical treatments that, besides generating nanoscale cues, yield an increase in the protective oxide layer could be a possible solution to better 'insulate' metals from the surrounding biological environment. In addition, it will be interesting to determine whether surface nanostructures can by themselves alter the dynamics of dissolution of metals and thus reduce cytotoxic effects. This could be the case for nanoconfined volumes such as nanotubes and nanopororosity, coatings with HA nanocrystals, and functionalization with molecular arrays.
A major challenge in regenerative medicine is the capacity to attract local stem cells and to induce their proliferation and differentiation. Physicochemical surface characteristics may offer an interesting strategy to achieve such a capacity around implantable metals and other biomaterials. In addition, biochemical functionalization could be an efficient complement to physical cueing. In this context, in vitro studies have already shown that nanoscale surface cueing can stimulate stem cell growth and guide their differentiation without exposure to molecular signals. 50, 272 Although this aspect is just beginning to be explored and still lacks in vivo validation, current results are certainly promising for skeletal applications. An exciting new development in biology is the finding that stem cells can also be obtained from skin, thus rendering them more accessible. 273 Bone reconstruction around an implant could thus be induced by exploiting the ability of nanostructured surfaces to activate stem cells and to accelerate bone formation while avoiding tissue encapsulation. 51, 52, 274 This will translate into faster healing and improved stability of dental and orthopedic prostheses, critical aspects especially in aging patients with poor bone support.
In conclusion, nanoscale surface modification approaches are likely to foster profound changes in the ways implants and other biomaterials are designed and manufactured. The application of medical prostheses to improve health and even save lives will continue to grow until tissue engineering reaches a mature level and regeneration of complete tissues can be achieved. Therefore, any procedure that can improve the performance of implantable biomaterials will have a major impact on the quality of life and result in a major economic benefits to society. Advances in metallurgical and surface-engineering techniques, and nanotechnology promise a new generation of improved prosthetic devices with selective bioactive surfaces, and eventually with ''intelligent surfaces'' capable of responding to the implantation site environment.
